Simultaneous Dense Coding 
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We present a dense coding scheme between one sender and two receivers, which guarantees that the 
receivers simultaneously obtain their respective messages. In our scheme, the quantum entanglement 
channel is first locked by the sender so that the receivers cannot learn their messages unless they 
collaborate to perform the unlocking operation. We also show that the quantum Fourier transform 
can act as the locking operator both in simultaneous dense coding and teleportation. 

PACS numbers: 03.67.-a, 03.67.Hk 



I. INTRODUCTION 

Quantum entanglement ll| is the key resource of quan- 
tum information theory [J especially in quantum 
communication H|. Sharing an entangled quantum state 
between a sender and a receiver, makes it possible to 
perform quantum teleportation 5] and quantum dense 
coding [b^I . Quantum teleportation is the process of trans- 
mitting an unknown quantum state by using shared en- 
tanglement and sending classical information; quantum 
dense coding is the process of transmitting 2 bits of clas- 
sical information by sending part of an entangled state. 
Teleportation and dense coding are closely related 0, [1| 
and have been extensively studied in various ways. For 
example, teleportation and dense coding that use non- 
maximally entan gled quantum channel have been exam- 
ined [8,, ^, [13, [11 111, [ll, [11, [H, [H, [13 ; multipartite en- 
tangled states have also been considered as the quantum 

channel [H, [M [H, [13, m, [M [Si, [H ; another gen- 
eralization is to perform these two communication tasks 
under the control of a third party, so called controlled 
teleportation and dense coding [23, [2^, [2^, [13, [Ml, . 

Recently, a simultaneous quantum state teleportation 
scheme was proposed by Wang et al [s^l, the aim of 
which is for all the receivers to simultaneously obtain 
their respective quantum states from Alice (the sender). 
In their scheme, Alice first performs a unitary transform 
to lock the entanglement channel, and therefore the re- 
ceivers cannot restore their quantum states separately 
before performing an unlocking operation together. A 
natural question is that whether this idea of locking the 
entanglement channel adapts for dense coding? The main 
purpose of this paper is to show that such a locking op- 
erator for dense coding really exists. As a result, we 
propose three simultaneous dense coding protocols which 
guarantee that the receivers simultaneously obtain their 
respective messages. 

The remainder of the paper is organized as follows. In 
Sec. ini we introduce three simultaneous dense coding 
protocols using different entanglement channels. In Sec. 



mil we show that the quantum Fourier transform can 
alternatively be used as the locking operator in simul- 
taneous teleportation. A brief conclusion follows in Sec. 



II. PROTOCOLS FOR SIMULTANEOUS 
DENSE CODING 

Suppose that Alice is the sender. Bob and Charlie are 
the receivers. Alice intends to send two bits (61,62) to 
Bob and another two bits (ci,C2) to Charlie under the 
condition that Bob and Charlie must collaborate to si- 
multaneously find out what she sends. 

In the following three subsections, we propose three 
protocols using Bell state, GHZ state and W state as the 
entanglement channels respectively. The idea of these 
protocols is to perform the quantum Fourier transform 
on Alice's qubits before sending them to Bob and Char- 
lie. After receiving Alice's qubits. Bob and Charlie's local 
states are independent of (5i, 62) and (ci, C2) so that they 
know nothing about the encoded bits. Only after per- 
forming the inverse quantum Fourier transform together, 
they can obtain (61,62) and (ci,C2) respectively. 



A. Protocol 1: Using Bell State 

Initially, Alice, Bob and Charlie share two Einstein- 
Podolsky-Rosen(EPR) pairs 34] ^(|00) -I- |ll))Aii3 and 

^(|00) + |11))a2Cj where qubits ^1^2 belong to Ahce, 
qubits B and C belong to Bob and Charlie respectively. 
The initial quantum state of the composite system is 



|V(0)) = -^(|00) + |11))^,B ® ^(|00) -f |ll))^,c. 
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(1) 



The protocol consists of four steps. 

(1) Alice performs unitary transforms 1/(6162) on 
qubits Ax and ?7(ciC2) on A2 to encode her bits, like the 
original dense coding scheme [3]. After that, the state of 
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the composite system becomes 

IV'(l)) = t/Ai(6l62) C/a.(ciC2)|^(0)) 
= |</'(&1&2))AiS (S) |^(ciC2))a2C, 



(2) 



where 

U{00) = / = 

(7(10) = a, = 
1 



1 
1 

1 

1 



,C/(01) = a, = 
,C/(11) = a,r7, 



1 

-1 



1 

-1 



(3) 



(2) Ahce performs the quantum Fourier transform 



QFT^- 



11 1 1 ■ 

1 i -1 -i 
1-11-1 
,1 -i -1 i . 



(4) 



on qubits A1A2 to lock the entanglement channel, and 
then sends Ai to Bob and A2 to Charlie. The state of 
the composite system becomes 

I V(2)) - QFTa.A, mblb2))A^B ® |</>(ciC2))A.d- (5) 

(3) Bob and Charlie collaborate to perform QFT'^ on 
qubits AiA2- The state of the composite system becomes 

|V(3)) ^QFT\^^^QFTA,A,mbib2))A^B ® |0(ciC2))A.d 

= |(/)(fel62))AiS (8) |(/)(ciC2))a2C- (6) 

(4) Bob and Charlie perform the Bell State Measure- 
ment on qubits AiB and A2C respectively to obtain 

&i, 62) and (ci, C2), like the original dense coding scheme 



The following theorem demonstrates that neither Bob 
nor Charlie alone can distinguish his two-qubit quantum 
state (i.e. PAiB, PA2C) before step 3. Therefore, they 
cannot learn the encoded bits from their quantum states 
unless they collaborate. 

Theorem 1. For each 61,62,21,02 € {0,1}, PAiB — 
PA2C = -^/4, where paiB and PA2C are the reduced den- 
sity matrices in subsystems AiB and A2C after step 2 
(but before step 3). 

Proof. After step 1, the quantum states of qubits AiB 
and A2C are \(j){bib2)) and \(j){ciC2)) respectively. The 
state of the composite system after step 1 can be written 
as 



After step 2, the state of the composite system becomes 
1^(2)) =QFT^,^ji=(|06i) + (-1)"^ 116^)^,3 

®-i=(|Oci) + (-l)^^|lcr)U,d 
= \QFTA,A2mbic,) + (-l)=^|016icr) 

+ (-l)^^|10Ml> + {-if'+^'lllh^)) A, A2BC 

= i[(|00) + 101) + |10) + |ll))|6ici) + (-I)-(IOO) 

-l-z|01) - |10) - z|ll))|6icr> + (-i)'Hloo) 

- |01) + |10> - |ll))|6rci> + (-1)''^+^^(|00) 

- Z|01) - |10> + l\n))\h^)]A,A2BC. (8) 

The reduced density matrix in subsystem AiB is 

PA,B =A2c{0ci\^i2)){^P{2)\0ci)A2C +A2C (0cr|V'(2)) 
(V'(2)|0cr)A.c +A2C (1ci|^(2))(V'(2)|1ci)a.c 
+A,c(lcr|V'(2))(^(2)|lcr)A.c 

= i(|06i)(06i| + 10^(06^1 + |16i)(16i| + \lb'i){lh\) 

=I/A. (9) 

The reduced density matrix in subsystem A2C is 

PA2C =Aib(06i|V'(2))(V'(2)|06i)aiB +a,b (0M^(2)) 

(^(2)|0MaiS +a,b (16i|^(2))(V'(2)|16i)aiB 

+a,b {lV^\^j{2)){^[i)\lbi)A,B 
1 

= 4' 
=//4. 



-(|oci)(oci| + |ocr)(ocr| + |ici)(ici| + |icr)(icr|) 

(10) 



□ 



B. Protocol 2: Using GHZ State 

Initially, Alice, Bob and Charlie share two 
Greenberger-Horne-Zeilinger (GHZ) states [sH] 
^(1000) + \111))mb,B2 and ^(|000) + |lll))^,CiC„ 
where qubits A1A2 belong to Alice, qubits B1B2 and 
C1C2 belong to Bob and Charlie, respectively. The 
initial quantum state of the composite system is 

\m) =^(iooo)-t-|iii))^,B,i3. 



V2 



(|000)-H111))a.c,c.. (11) 



IV'(l)) = |(^(6i62))aiB ^ |^(ciC2))a.c. 



(7) 



The protocol consists of four steps. 

(I) Alice performs unitary transforms (7(6162) on 
qubits Ai and U{ciC2) on A2 to encode her bits. After 
that, the state of the composite system becomes 

|7/;(1)) =(7^1(6162) ® [/a,(ciC2)|^(0)) 

^\GHZ{bib2))A,B,B2 ® \GHZ{C1C2))A2C^C2, 

(12) 



3 



where 



The reduced density matrix in subsystem A1B1B2 is 



\GHZ(xy)) = -^{\Qxx) + {-l)y\lxx)). (13) 
v2 

(2) AHce performs the quantum Fourier transform on 
qubits A1A2 to fock the entanglement channel, and then 
sends Ai to Bob and A2 to Charlie. The state of the 
composite system becomes 

I V(2)) ^QFTa.a, [\GHZ{hb2))MB,B, 

\GHZiciC2))A,c,c,]- (14) 

(3) Bob and Charlie collaborate to perform QFT^ on 
qubits AiA2- The state of the composite system becomes 

|i^(3)) =QFT\^j^^QFTA,AA\GHZ[hb2))A^B^B, 
(S) \GHZ{ciC2))a 2C1C2J 
= \GHZ{bih2))A,B,B, ® \GHZ{ciC2))a,C,C^- 

(15) 

(4) Bob and Charlie make the von Neumann mea- 
surement using the orthogonal states {\GH Z{xy))}xy 
on qubits A1B1B2 and A2C1G2 respectively to obtain 
(61,62) and (ci,C2). 

The following theorem demonstrates that neither Bob 
nor Charlie alone can distinguish his three-qubit quan- 
tum state (i.e. PAiBiB2i PA2Ci_C2) before step 3. There- 
fore, they cannot learn the encoded bits from their quan- 
tum states unless they collaborate. 

Theorem 2. PA1B1B2 and PA2C1C2 are independent of 
61, 62, ci, C2, where PA1B1B2 and PA2C1C2 are the reduced 
density matrices in subsystems A1B1B2 and A2C1C2 af- 
ter step 2 (but before step 3), respectively. 

Proof. After step 1, the quantum states of 
qubits A1B1B2 and A2C1C2 are \GHZ{bib2)) and 
\GHZ(ciC2)), respectively. The state of the composite 
system after step 1 can be written as 

|V(1)) = \GHZ{bib2))A^B^B2 ® \GHZ{ciC2))A2CrC2- 

(16) 

After step 2, the state of the composite system becomes 

|V'(2)) =QFTA,A2[^{\0bibi) + {-l)'''\lhh))A,B,B2 



1 



V2 



(|Ocici) + (-l)^^|lcTcr))A.CicJ 



-QFTA,A2{m \bibicici) + (-1)"^|01) 



|5i6icTcr) + (-1)^^110) 

lf2+C2\ll 

|00) + |01) + |10) + |ll))®|6i6icici 



6161C1C1) 

bibiCiCi))AiA2BiB2CiC2 



-1)^=^(100) + t\Ql) - |10) - ® \bibicTcl) 
-1)''^(|00) - |01) + |10) - 111)) ® {hhcici) 

_1)62+C2(|00) - j|01> - |10> + i|ll>) 
\bibiCiCi)]AiA2BiB2CiC2- (17) 



PA1B1B2 =A2CiC2(0ciCi|i/'(2))(^(2)|0ciCi)a2CiC2 

+A2C1C2 (0cTcr|V'(2))(i/'(2)|0cTcr)A2CiC2 
+A2C1C2 (Icici |V'(2)) (1/^(2)1 1ciCi)a2CiC2 
~^ A2C1C2 (lcTcr|V'(2))(V'(2)|lcTcr)A2CiC2 



1 



(|06i6i)(06i6i| + |06i6i)(06i6i 



+ \lb,b,){lbib,\ + \lhh){ihh\) 
=i(|000)(000| + |011)(011| + |100)(100| 
+ |111)(111|). (18) 

The reduced density matrix in subsystem A2G1G2 is 

PA2C1C2 ==AiBiB2(0&i^i|V'(2)>(V'(2)|06i6i)aiBiB2 
(06i6i|V'(2))(V;(2)|06i5i)^ 

+A1B1B2 

(16i5i|V(2))(^(2)|16i6i)^ 

+A^B^B2 {iWll^i^)) {lP{2)\lhh) A^B^B2 

= -(|OciCi)(OciCi| + |OcIcr)(OcTcr| 

-I- |icici)(icici| + |icTcr)(icrcr|) 



=i(|000)(000| + |011>(011| + |100)(100| 

+ llll)(llll). 



(19) 

□ 



C. Protocol 3: Using W State 

Initially, Alice, Bob and Charlie share two W states 
[Ulsi i(|010) + |001) + \/2|100))aiBiB2 and i(|010) + 
|001) + V2|100))^ 

2C1C2J where qubits A1A2 belong to 
Alice, qubits B1B2 and C1C2 belong to Bob and Charlie, 
respectively. The initial quantum state of the composite 
system is 

1^(0)) =^(|oio) + |ooi> + V2\im))A,B,B2 

® i(|010> + |001) + \/2|100))a2CiC2- (20) 



The protocol consists of four steps. 

(1) Alice performs unitary transforms [/(6162) on 
qubits Ai and U{ciC2) on A2 to encode her bits. After 
that, the state of the composite system becomes 

|7/;(1)) =C/ai(6i62) ® [/A2(ciC2)|V(0)) 

^W{b^b2))A,B,B2 ® \W{ciC2))a 2C1C2 1 (21) 



where 



\W{xy)) = i(|a;10) + |x01) + (-l)'^V2|x00)). (22) 
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(2) Alice performs the quantum Fourier transform on 
qubits A1A2 to lock the entanglement channel, and then 
sends Ai to Bob and A2 to Charlie. The state of the 
composite system becomes 

|l^(2)) ^QFTA,A,mibib2))A,B^B, 

\W{ciC2))a,c,c,]- (23) 

(3) Bob and Charlie collaborate to perform QFT'^ on 
qubits A1A2. The state of the composite system becomes 

|V'(3)) ^QFTI^^QFTa.A, [\Wihb2))A,B^B, 

^ \W{ciC2))a2C\C2] 
= \W{bib2))A,B,B, ® \WiciC2))A,C^C2- (24) 

(4) Bob and Charlie make the von Neumann measure- 
ment using the orthogonal states {\W{xy))}xy on qubits 
A1B1B2 and A2C1C2 respectively to obtain (61,62) and 

(C1,C2). 

The following theorem demonstrates that neither Bob 
nor Charlie alone can distinguish his three-qubit quan- 
tum state (i.e. paiBiB2i PA2C1C2) before step 3. There- 
fore, they cannot learn the encoded bits from their quan- 
tum states unless they collaborate. 

Theorem 3. PA1B1B2 and PA2C1C2 are independent of 
61, 62, ci, C2, where PA1B1B2 and PA2C1C2 are the reduced 
density matrices in subsystems A1B1B2 and A2C1C2 af- 
ter step 2 (but before step 3), respectively. 

Proof. After step 1, the quantum states of qubits 
A1B1B2 and A2C1C2 are 1^^(6162)) and \W{ciC2)) re- 
spectively. The state of the composite system after step 
1 can be written as 

|V(1)) = \W{b,b2))A,B,B2 ® \W{ciC2))a2C^C2- (25) 

After step 2, the state of the composite system becomes 

1^(2)) =QFr^,^,{i[|6i)(|01) + |10)) 

+ {-l)'''V2\h00)]A^B,B2 ® ^[|ci)(|01) + |10)) 

+ (-l)^^V2|cr00)]^,CicJ 

^^QFTA,A2[\biCi) ® (|01) + |10)) ® (|01) + |10)) 

+ |6icr) (8) (-1)"^%/2(|01) + |10>) (E) |00) + ihci) 
(g) (-1)''^\/2|00) (g) (|01) + |10)) + |6l^) 

(g> (-1)''=+^^2|00) (g> m]A,A2B^B2C^C2 ■ (26) 

We notice that QFT\xy) = i[|00) + (-1)^?;?'|01) 



+ (-1)''|10) + (-l)^(-i)''|ll)], and thus 

(-z)^Mll>]®(|01) + |10))®(|01) + |10)) 
+ [|00) + {-lfH^\Ql) - (-1)^^10) + (-1)''^ 
(-z)~|ll)] ® (-1)^^V2(|01) + |10)) ® |00) 
+ [|00) - {-lfH'^\Ql) + (-1)^^10) - (-1)''^ 

{~if ® {-if'V2\m) ® (|oi) + |io)) 

+ [|00) - {-lfH^\{)l) - (-1)^1 110) - {-1)^' 

(-Z)^lll)] ® {-lp+^^2\m)\m)}A,A2B,B2C^C2- 

(27) 

The reduced density matrix in subsystem A1B1B2 is 

PA1B1B2 ^AaCiCa (000|?/;(2))(V'(2)|000)a2 C1C2 

+A2C,C2 (100|V(2))(^(2)|100)a,CiC. 
+A2C,C2 (001|V(2))(^(2)|001)a,CiC. 
+A2C,C2 (101|V(2))(V'(2)|101)a,c,c. 
+A2C,C2 (010|V^(2)) (V^(2)|010) A.cic. 
+A2C,C2 (110|V^(2))(V'(2)|110) A.cic. 

=i(2|000>(000| + |001>(001| + |001)(010| 
8 

-I- 1010)(001| + |010)(010| + 2|100)(100| 
-I- 1101)(101| + |101)(110| + |110)(101| 
+ |110)(110|). (28) 

The reduced density matrix in subsystem A2C'iC2 is 
PA2C,C2 =a^b,B2{000\^P{2)){^j{2)\000)a,b^B2 

+A,B,B2 (1001^(2)) (^-(2)1100)^,515, 

+A,B,B2 (001|^(2))(V'(2)|001)a,BiB. 
+A,B,B2 (101|V(2))(V'(2)|101)a,b,b, 
+A,B,B2 (010|V(2))(V'(2)|010)a,b,s. 
+A,B,B2 (110|V(2))(V(2)|110)aiBiB, 

= i(2|000)(000| + |001)(001| + |001)(010| 
8 

+ |010)(001| + |010)(010| + 2|100)(100| 

+ |ioi)(ioi| + |101)(110| + |110)(101| 

+ |110)(110|). (29) 

□ 

D. Locking Operator 

We notice that the locking operator used in simulta- 
neous teleportation [33j is not suitable for simultaneous 
dense coding. To explain the reason, we calculate the 
reduced density matrix in subsystem AiB when that 
locking operator is used, instead of the quantum Fourier 
transform and Bell state being used as the entanglement 



5 



channel. The situations of using GHZ and W states as 
entanglement channels are similar. 

The locking operator used in simultaneous teleporta- 
tion [331 is 



U{L0CK)i2 = H1CNOT12 = 





1 








1 - 


1 





1 


1 







1 








-1 







1 


-1 


. 



(30) 



where H is the Hadamard transform, CNOT is the 
controUed-NOT gate, qubit 1 is the control qubit and 
qubit 2 the target qubit. After step 1, the state of the 
composite system can be written as 

IV'(l)) = mib2))A,B ® \c^{ciC2))a,C- (31) 

After step 2, the state of the composite system becomes 
W{2)) =U{LOCK)A,AA^m{) + (-1)^^116^))^,^ 
®i=(|Oci) + (-l)^^|lcr))A.c] 
=]^U{LOCK)A,A,{\mic{) + (-l)^^|016icr) 



(-l)''^|105iCi) + {-lp+^AllbiCi))A,A, 



BC 



1 



2\/2 



:(|00> + |10))hci> 



-ir(ioi) + iii)) 



\hicl) + (-l)'niOl) - |ll»|&ici> + (-1)"^+=^ 
{\m)-\imb^i)WA,BC- (32) 

The reduced density matrix in subsystem AiB is 

Pmb -A.c(0ci|^'(2))(7/;'(2)|0ci)^,c +A,c (0cr|V'(2)) 
(V'(2)|0cr)^,c +A,c (1ci|^'(2))(V''(2)|1ci)a,c 
+A,c (lcr|V/(2))(V'(2)|lcr)A,C 



= -(|06i)(0foi 



06i)(16i| + |06i)(06i| 

-|0&r)(lM + |l&i>(06i| + |15i>(16i| 
-\lh){()bl\ + \lbl){lVi\). (33) 



Since p'a-^^b only dependent on 6i, we denote it as 
PAib(^i)- We have 



Pa,b(0)-t 



and 



10 10- 

10-1 
10 10 
0-101 



1 0-10" 
10 1 
-10 10 
10 1. 



(34) 



(35) 



Since p'aib(^)p'aib(^) — 0' Bob can distinguish these 
two states and obtain hi by a POVM measurement on 
qubits AiB. Similarly, Charlie can also obtain C2 by a 
POVM measurement on qubits A2C. Each receiver can 
learn 1 bit of his information before they agree to simul- 
taneously find out what Alice sends. The aim of simul- 
taneous dense coding is not achieved when U{LOCK) is 
used instead of the quantum Fourier transform. 



III. SIMULTANEOUS TELEPORTATION 
USING QUANTUM FOURIER TRANSFORM 

In this section, we show that the quantum Fourier 
transform can alternatively be used as the locking op- 
erator in simultaneous teleportation. Let us begin with 
a brief review of simultaneous teleportation between one 
sender and two receivers |3^. Suppose that Alice in- 
tends to teleport \(Pi)ti = ai|0)Ti +/3i|1)ti to Bob and 
\V2)t2 — Q!2|0)t2 +/^2|1)t2 to Charlie under the condition 
that Bob and Charlie must collaborate to simultaneously 
obtain their respective quantum states. Initially, Alice, 
Bob and Charlie share two EPR pairs -^(\00) + \11))aj^b 

and --i=(|00) -I- |ll))yi2Ci where qubits A1A2 belong to Al- 
ice, qubits B and C belong to Bob and Charlie respec- 
tively. Then the initial quantum state of the composite 
system is 



lx(0)) ® \(P2)t, 

1 

V2 



V2 

(|00)-I-|11))a.c. 



®-=(|00) + |ll))Aii 



(36) 



The scheme of simultaneous teleportation consists of 
five steps. 

(1) Alice performs the unitary transform U{LOCK) 
on qubits A1A2 to lock the entanglement channel. After 
that, the state of the composite system becomes 

|X(1)) ® \V2)t, <E> U{LOCK)A,AA^{m 

+ |ll))^,B®^(|00) + |ll))^,c]. (37) 

(2) Alice performs the Bell State Measurement on 
qubits AiTi and A2T2, like the original teleportation 
scheme Q. It is easy to prove that |x(l)) can be written 
as 

1 1 1 1 

lx(i)) =4 H 51 H 51 l^i^iyi)) AiTAHx2y2)) A2T2 

xi=0 yi=0 X2=0 y2=0 

U{LOCK)lc[UB{xm)\Vi)B ® Ucix2y2)\^2)c]- 

(38) 

If the measurement results are \(j){xiyi)) AiTi and 
\<P{x2y2)) A2T2J the state of qubits BC collapses into 

|X(2)) - U{LOCK)lc[UBix,yi)\ipi)B ® Ucix2y2)\^2)c]- 

(39) 



(3) Alice sends the measurement results (a;i, yi) to Bob 
and (0:2,2/2) to Charlie. 

(4) Bob and Charlie collaborate to perform U (LOCK) 
on qubits BC, and then the state of BC becomes 

|X(3)> ^U{LOCK)BcU{LOCK)lc[UB{xm)\vi)B 
(Xi Uc{x2y2)\v2)c] 
= UB{xiyi)\(pi)B «) Uc{x2y2)\'P2)c- (40) 

(5) Bob and Charhe perform U{xiyi) and U{x2y2) on 
qubits B and C respectively to obtain \tfi) andjw2), 
respectively, like the original teleportation scheme 0. 

In the above simultaneous teleportation scheme, 
U {LOC K) is used to lock the entanglement channel. In 
Sec. IIIDl we have shown that U {LOCK) is not suitable 
for simultaneous dense coding, but, however, we find that 
the quantum Fourier transform can alternatively be used 
as the locking operator in simultaneous teleportation. 

Let us suppose that Alice is the sender, Bobi(l ^ i ^ 
iV) are the receivers. Alice intends to send the unknown 
quantum states \'-Pi)Ti = ("ilO) + A|l))Ti to Bob^ under 
the condition that all the receivers must collaborate to 
simultaneously obtain (ai|0) + f3i\l))Ti- Initially, Alice 
and each receiver share an EPR pair -i=(|00) + \ll))AiBi- 
The initial quantum state of the composite system is 



Ix'(o)) - 



1 



N 



N 



2N 

1 



Q$\V^)T,Q${m + \n))A,B, 
i=l i=l 
N 2"-l 

i—1 m— 



(41) 



The scheme of simultaneous teleportation consists of 
five steps. 

(1) Alice performs the quantum Fourier transform 

\j) ^ 7=FEfe=o'e'"''''/""l^) on qubits ^1 . . . ^jv to 
lock the entanglement channel. After that, the state of 
the composite system becomes 

\x'{l))^QFTA,...AM'm 

N 2"-12"-l 



1 



m=0 k=0 

2™_12"-1 N 
,mk 



X! X! 



k=0 m=0 



(42) 



where ki is the ith bit of fc, w = e^'^^l'^ . 

(2) Alice performs the Bell State Measurement on each 
pair of AiTi. 



We have 

N 



i=l 



Nil 

Ia,T, X] X! \^i^iyi))A,Ti A,Ti{Hxiyi)\ 

i—1 Xi—0 Vi—O 
11 1 1 N 

= E E-- - E E (8) i^(-^j^^)Ut. 

a^i— Oyi— XAf— Oyiv— i—1 

A,TAHxiyt)\ 

11 1 1 N 

= E E-- - E E (8) i'/'(^^y^))A.T. 

xi—Oyi—O XN—OyN—0 i—1 



N 



AiTi{(l){Xiyi)\ 



(43) 



and 

N 



A^TM{x^y^)\x'{'^)) 



i=l 



2"-l N 



= E A,T.((0x.| + (-l)^'(lx7|)(a#.0) 



2 —1 



^ 2"-l AT 



k=0 i=l 

(Sx.lCti + Sx,oPi)]QFTBi...BN\f^) Bi...B„ 
N 



1 



QFTb,...b^ (X)[(<5,,oa,: + 4aA)|0) 



+ (-l)^'(4,oA+(5.,ia.)|l)]B, 

N 



1 



QFTb,...b^ (X) U{x,yi){a,\Q) + ft|l))i3,. (44) 



Thus, Ix'(l)) can be written as 



N 

Ix'(l))=(g)/A.TJX'(1)) 

i=l 
1 1 



1 1 N 
^1— Oyi— XN—{)yM—Oi—l 



N 



A^TA<ty{x^y^)W{l)) 



1 N 



= E E • ■ • E E \^i-^v^))A.T. 



V 2^ 

^ xi— Oyi— XM—OyN—^i—1 
N 

QFTb^.Bm^ U{xiyi)\(pi)Bi- 

i=l 



(45) 



If the measurement result of qubits AiTi is |0(xi2/i)), 



7 



the state of qubits Bi . . . Bn collapses into 

N 

|x'(2)) = QFTb,...b. (g) f/(x,y,)|^,)B.. (46) 
1=1 

(3) Alice sends the measurement result {xi,yi) to each 
Bobi. 

(4) All the receivers collaborate to perform QFT^ on 
qubits Bi . . .Bff, the state of -Bi . . . Bjy becomes 

N 

|X'(3)) =QFTt^...B„QJ^TB,...s«(g) U{x.y,)\^^B. 



i=l 



N 



aim of which is for the receivers to simultaneously obtain 
their respective messages. This scheme may be used in 
a security scenario. For example, Alice wants Bob and 
Charlie to simultaneously carry out two confidential com- 
mercial activities under the condition that the sensitive 
information of each activity is only revealed to who is 
in charge of that activity. We have also shown that the 
quantum Fourier transform, which has been implemented 
using cavity quantum electrodynamics (QED) 13711 . nu- 
clear magnetic resonance (NMR) [H, [H m,\M, El 
and coupled semiconductor double quantum dot (DQD) 
molecules [43|, can act as the locking operator both in 
simultaneous dense coding and teleportation. 



U{xiyi)\ipi)i 



(47) 



(5) Each Bob.; performs U{xiyi) on qubit Bi to obtain 



IV. CONCLUSION 

In summary, we have proposed a simultaneous dense 
coding scheme between one sender and two receivers, the 
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